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Ammonia oxidation in laboratory liquid batch cultures of autotrophic ammonia oxidizers rarely occurs at
pH values less than 7, due to ionization of ammonia and the requirement for ammonium transport rather than
diffusion of ammonia. Nevertheless, there is strong evidence for autotrophic nitrification in acid soils, which
may be carried out by ammonia oxidizers capable of using urea as a source of ammonia. To determine the
mechanism of urea-linked ammonia oxidation, a ureolytic autotrophic ammonia oxidizer, Nitrosospira sp.
strain NPAV, was grown in liquid batch culture at a range of pH values with either ammonium or urea as the
sole nitrogen source. Growth and nitrite production from ammonium did not occur at pH values below 7.
Growth on urea occurred at pH values in the range 4 to 7.5 but ceased when urea hydrolysis was complete, even
though ammonia, released during urea hydrolysis, remained in the medium. The results support a mechanism
whereby urea enters the cells by diffusion and intracellular urea hydrolysis and ammonia oxidation occur
independently of extracellular pH in the range 4 to 7.5. A proportion of the ammonia produced during this
process diffuses from the cell and is not subsequently available for growth if the extracellular pH is less than
7. Ureolysis therefore provides a mechanism for nitrification in acid soils, but a proportion of the ammonium
produced is likely to be released from the cell and may be used by other soil organisms.

Growth of pure cultures of autotrophic ammonia-oxidizing
bacteria in liquid culture is optimal within the pH range 7.0 to
8.5 and typically does not occur below a pH of 6.5 (3). Nitri-
fication has, however, been reported in acid soils at pH values
as low as 3.7 (5, 9, 11, 25, 26, 34, 35, 37). Although this may be
due, in some cases, to heterotrophic nitrification (1, 22) there
is strong evidence for autotrophic nitrification in acid soils (19,
38). Autotrophic ammonia oxidizers have been isolated from
and enumerated in acid soils (7, 13, 16, 20, 26) and 16S rRNA
gene sequences of ammonia oxidizers are frequently detected
(6, 33), with evidence for changes in relative abundance of
different sequence clusters in soils of different pH (32). How-
ever, pure cultures often fail to nitrify at the bulk pH value of
the soil from which they were isolated (1). Pure cultures of
acidophilic nitrite oxidizers have been isolated (8, 14), but
there is only a single report of slow-growing acidophilic am-
monia oxidizers from fertilized acid tea soils, capable of grow-
ing at low pH in mineral medium containing 1,000 mg of
NH4

1-N liter21 (15). Acid-sensitive ammonia oxidizers may be
responsible for nitrification in acid soils, since fertilization can
lead to an increase in the number of autotrophic nitrifiers (23).
However, this increase in number is often associated with the
addition of compounds that may increase pH, such as urea or
carbonate, and is consistent with the view that autotrophic
nitrification may be restricted to microsites of alkaline pH (29).
The localized pH inhibition of autotrophic nitrification may
also be relieved through the buffering capacity of the soil in
which the oxidizers are found (4), but in laboratory culture,

growth at low pH has only been observed in biofilms (3, 17) or
agglomerates (10).

An alternate explanation for nitrification in acid soils is the
ability of many ammonia oxidizers to hydrolyze urea (1, 21,
36). Urea has been found to stimulate autotrophic nitrification
in Dutch acid heathland and forest soils (9, 11), and stimula-
tion was shown to be independent of an increase in pH. The
isolation of a ureolytic ammonia oxidizer belonging to the
genus Nitrosospira from this soil, and its subsequent growth in
liquid medium containing urea with an acidophilic nitrite oxi-
dizer, resulted in autotrophic nitrification at pH 4.5 (8).
Growth of this strain on ammonium sulfate was not observed
below pH 5.5.

The mechanism for acidophilic growth of ureolytic ammonia
oxidizers is not clear. A wide range of nonnitrifying bacteria
possess urease activity (24), and ammonia released by such
organisms will provide a substrate for ammonia oxidizers and
will also, potentially, increase local pH. Similarly, ureolytic
ammonia oxidizers would have to compete with heterotrophs
for the ammonia released into the environment. This suggests
that ammonia produced from urea must be retained within the
cell to provide an ecological advantage.

The aim of this study was to assess urea hydrolysis followed
by ammonia oxidation as a mechanism for autotrophic nitrifi-
cation in acid soil. This was achieved by determining the in-
fluence of pH on the kinetics of urea hydrolysis and ammonia
oxidation in liquid culture by a ureolytic strain of Nitrosospira
that is unable to grow on ammonium at pH values less than 7.

MATERIALS AND METHODS

Bacterial strains and cultural conditions. A ureolytic autotrophic ammonia
oxidizer, Nitrosospira sp. strain NPAV, originally isolated from soil, was supplied
by E. Schmidt, University of Minnesota. Routine growth and maintenance were
carried out as described by Keen and Prosser (18) in Skinner and Walker (31)
(SW) medium as modified by Powell and Prosser (27) and containing 50 mg
NH4

1-N ml21 as ammonium sulfate. An acidophilic nitrite oxidizer, Nitrobacter
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sp. NHBI, was supplied by W. de Boer, Institute for Ecological Research, He-
teren, The Netherlands. This strain was subcultured as for Nitrosospira sp. strain
NPAV but in Schmidt and Belser (30) (SB) medium containing 50 mg NO2

2-N
ml21 and adjusted to pH 7 by addition of 10 M NaOH prior to autoclaving. The
absence of contamination by heterotrophs was checked by plating on nutrient
agar (Oxoid) and incubation at 25°C for at least 21 days. Cultures were also
examined microscopically for the presence of contaminants. Growth was as-
sessed as the disappearance of ammonia and production of acid and nitrite
(Nitrosospira) and as disappearance of nitrite (Nitrobacter) using spot tests for
ammonia (Nessler’s reagent) and nitrite (Griess llosvay’s reagents 1 and 2). Acid
production was detected by inclusion of the pH indicator phenol red in media.

Influence of pH on growth on ammonia and urea in poorly buffered medium.
The effect of pH on growth of Nitrosospira sp. strain NPAV was determined in
batch cultures prepared using 250-ml Erlenmeyer flasks containing 100 ml of SB
medium with either 23.3 mg of NH4

1-N ml21 or 23.3 mg of urea-N ml21. After
autoclaving at 121°C for 20 min, the pH of the medium was adjusted to 4, 5, 6,
7, or 7.5 by aseptic addition of sterile 1 M NaOH or 1 M H2SO4, as appropriate.
Medium was then inoculated with 3 ml of a stationary-phase culture of Ni-
trosospira sp. strain NPAV, grown in the same medium at pH 7. Cocultures of
Nitrosospira sp. strain NPAV and Nitrobacter sp. strain NHB1 were also prepared
by inoculation of 3 ml of stationary phase cultures of each strain.

Cultures were incubated at 25°C in the dark without shaking, although a
number of control cultures were incubated shaken to check for oxygen limitation.
No difference was observed in growth kinetics of shaken or static cultures under
these conditions. Samples (1 to 2 ml) were removed for measurement of pH
(Russell pH electrode) and assessment of growth and were preserved at 4°C
following addition of 10 ml of a 1% (wt/vol) solution of potassium ethyl xanthate,
an inhibitor of both ammonia- and nitrite-oxidizing bacteria. Growth was as-
sessed by analysis for urea, ammonia, nitrite, and nitrate, as required, using an
RFA Autoanalyser system (Alpkem Corporation, Clackamas, Oreg.). Cultures
were checked for purity at 1- to 2-day intervals as described above.

Growth on urea and ammonium at constant pH. Combined growth of Ni-
trosospira sp. strain NPAV and Nitrobacter sp. strain NHB1 under controlled pH
conditions was studied in a modular fermentor (Gallenkamp, Loughborough,
United Kingdom) consisting of a 1.3-liter-glass vessel with an operating volume
of 1 liter. The pH of the medium was controlled by automated addition of 0.02
M NaOH or 0.1 M H2SO4. Silicone rubber tubing was used throughout, and the
vessel was covered with aluminium foil to prevent photoinhibition. The culture
vessel and components were autoclaved at 121°C for 20 min with SB medium
containing 23.3 mg of NH4

1-N ml21 or nitrogen-free medium, after which filter-
sterilized urea was dispensed by passage through a 0.2-mm-pore-size Millipore
filter to give a final concentration of 23.3 mg of urea-N ml21. Agitation was
achieved using a magnetic impeller (120 rpm), and the temperature was main-
tained at 25°C. Filter-sterilized, humidified air was delivered by a HyFlo model
C air pump (Medcalf Bros. Ltd., Potters Bar, England) at a rate of 500 ml min21.
Medium was inoculated with 27 ml of stationary phase cultures of Nitrosospira sp.
strain NPAV and Nitrobacter sp. strain NHB1, and purity and growth were
assessed in samples as described above.

Growth of Nitrosospira in medium containing ammonia and urea was also
assessed in SW medium buffered with 50 mM 2(n-morpholino)ethane sulphonic
acid (MES) (Sigma) and adjusted to pH 6.2 with 10 M NaOH and concentrated
HCI prior to autoclaving. Specific rates of product formation were calculated by
linear regression of linear regions of semilogarithmic plots of product concen-
tration versus time. All experiments and treatments were repeated at least three
times. Means and standard errors were calculated from triplicates. Graphical
data are from a single replicate typical of a particular treatment.

RESULTS

Growth on ammonia in poorly buffered medium. Batch
growth of Nitrosospira sp. strain NPAV occurred in SB medium
containing ammonium at initial pH values of 7 and 7.5 (Fig. 1)
but not at pH 6 or lower. SB medium is poorly buffered, and
complete conversion of ammonium to nitrite was prevented by
production of nitrous acid and consequent pH reduction to
,6. Variation in the lag phase was seen between replicates, but
when growth commenced, rates of change in ammonia, nitrite,
and pH were similar in triplicate cultures. Initial ammonium
concentration was lower in medium adjusted to the higher
initial pH value, due to greater volatilization of ammonia prior

to inoculation. Ammonium limitation will not have occurred,
however, as concentrations were always significantly greater
than reported saturation constants for ammonia oxidizers (28).
Growth from initial pH values of 7.5 and 7 led to production of
similar amounts of nitrite (5.31 and 5.35 mg NO2

2-N ml21,
respectively [Table 1]) and the final pH values were not sig-
nificantly different (Student’s t test, P 5 0.10). The pH of the
medium fell below the minimum pH for growth and rose
slightly following cessation of nitrite oxidation.

To determine whether growth was inhibited by accumulation
of nitrite, the above experiments were repeated with a cocul-
ture of Nitrosospira sp. strain NPAV and Nitrobacter sp. strain
NHB1, an acidophilic nitrite oxidizer. Growth of the coculture
occurred only at initial pH values of 7 and 7.5. At pH 7, no
nitrite was detected and nitrate was the sole oxidation product.
At pH 7.5, nitrite accumulated during the first 260 h before
decreasing below the level of detection following conversion to
nitrate. There was no evidence of nitrite toxicity. At pH 7,
nitrite produced by monocultures of Nitrosospira was greater
than nitrite and nitrate produced during coculture with Ni-
trobacter (Student’s t test, P 5 0.003), while at pH 7.5, final
product concentrations were not significantly different (P 5
0.42) (Table 1). Despite this, the final pH values were signifi-
cantly lower in cocultures of Nitrosospira and Nitrobacter, pos-

FIG. 1. Changes in ammonium and nitrite concentrations and pH
during growth of Nitrosospira sp. strain NPAV in liquid batch culture
on poorly buffered medium containing ammonium, at initial pH values
of 7 (a) and 7.5 (b).
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sibly due to greater ionization of nitric acid in the weakly
buffered medium.

Growth on urea in poorly buffered medium. Growth of Ni-
trosospira sp. strain NPAV in SB medium containing urea
occurred at all pH values tested in the range 4 to 7.5. No urea
hydrolysis was detected in uninoculated controls at the same
initial pH values. Lag phases prior to growth were much
shorter than those observed during growth on ammonium and
were often not detectable. In addition, standard errors associ-
ated with specific rates of product formation during growth on
urea were much lower than those during growth on ammonium
(Table 1). Following inoculation of medium at an initial pH
value of 4, urea hydrolysis was accompanied by an exponential
increase in ammonium and nitrite concentrations (Fig. 2a), but
no further increases were observed following completion of
urea hydrolysis at approximately 180 h. The pH increased to
4.7 during initial production of ammonium from urea and
decreased to 4.2 as ammonia oxidation proceeded. Following
cessation of urea hydrolysis and ammonia oxidation, the pH
increased to a final value of 5.4. Thus, ammonia oxidation to
nitrite occurred at pH values below 4.7 but ceased when urea
was fully utilized, even though ammonium was present in the
medium. The final ammonium and nitrite concentrations were
16.4 and 13.5 mg of N ml21, respectively, representing conver-
sion of approximately 45% of supplied urea-N to nitrite-N. The
total final N concentration was greater than that initially sup-
plied due to water loss during autoclaving and to evaporation
during long-term incubation.

At an initial pH of 5, urea hydrolysis was again associated
with initial exponential increases in ammonia and nitrite con-
centrations (Fig. 2b). Ammonia oxidation to nitrite ceased
when urea was fully utilized and the final ammonium concen-
tration was similar to that following growth at pH 4 (Table 1).

The pH did not increase during initial production of ammo-
nium from urea but decreased during nitrite formation, as
observed above. Following completion of urea hydrolysis, the
pH increased to a final value of 5.5, and approximately 49% of
urea-N supplied was converted to nitrite-N. Similar changes in
urea, ammonium, and nitrite concentrations and in pH were
seen during growth from an initial pH value of 6 (data not
shown), and final nitrite concentrations and pH values were
similar to those in cultures with initial pH values of 4 and 5
(Table 1).

Growth in medium at an initial pH of 7 showed different
behavior because of the ability of Nitrosospira to oxidize am-
monium directly at this pH. Urea hydrolysis was accompanied,
as at pH values 4 to 6, by increases in ammonium and nitrite
concentrations (Fig. 2c). Ammonia concentration decreased,
however, for a short period after exhaustion of urea and led to
further increase in nitrite concentration. This was accompa-
nied by a reduction in pH, which eventually inhibited ammonia
oxidation and nitrite production. The final ammonium concen-
tration was lower than that at acid pH values. The final nitrite
concentration, although greater than those at initial pH values
of 4 and 6, was not significantly different from that at pH 5
(Table 1), and approximately 62% of urea-N was converted to
nitrite-N. The final pH was similar to those in cultures grown
from lower initial pH values.

Growth from an initial pH of 7.5 led to ammonia production
at the same rate as at lower initial pH values, but subsequent
conversion to nitrite was slower (Fig. 2d). Significant ammonia
oxidation occurred after exhaustion of urea, and final ammonia
and nitrite concentrations were lower and higher, respectively,
than those at acidic initial pH values. Reduction in pH even-
tually inhibited ammonia oxidation, and the final pH of 5.67

TABLE 1. Summary of data on Nitrosospira sp. strain NPAV from this studya

Substrate Inoculum Initial
pH

Final concn of
ammonium (mg

of N ml21)

Final concn of nitrite (monoculture) or
nitrite 1 nitrate (coculture)

(mg of N ml21)

Specific rate of product
formation (h21) Final pH

Ammonia Monoculture 6.0 No growth No growth NA NA
Ammonia Monoculture 7.0 22.7 (0.27) 5.31 A (0.36) 0.0012 A (0.0004) 5.17 (0.07)
Ammonia Monoculture 7.5 16.5 (1.80) 5.35 A (2.03) 0.0028 A (0.0010) 6.57 (0.48)

Ammonia Coculture 6.0 No growth No growth NA NA
Ammonia Coculture 7.0 21.8 (0.28) 2.01 (0.24) 0.0068 A (0.0023) 4.37 A (0.27)
Ammonia Coculture 7.5 11.1 (1.01) 7.48 (0.96) 0.0104 A (0.0013) 4.37 A (0.22)

Urea Monoculture 4.0 16.4 A (0.13) 13.5 A (0.16) 0.021 A (0.00029) 5.43 AB (0.03)
Urea Monoculture 5.0 15.8 AB (0.66) 15.0 B (0.59) 0.022 A (0.00023) 5.57 CD (0.03)
Urea Monoculture 6.0 14.5 B (0.38) 13.4 A (0.47) 0.022 A (0.00015) 5.50 ACF (0.06)
Urea Monoculture 7.0 9.38 C (0.70) 16.1 B (1.01) 0.033 (0.00035) 5.73 E (0.03)
Urea Monoculture 7.5 9.60 C (0.36) 21.2 (0.16) 0.014 (0.00811) 5.67 BDEF (0.07)

Urea Coculture 6.0 16.1 A (0.3) 14.4 (0.53) 0.030 A (0.0054) 4.47 (0.03)
Urea Coculture 7.0 11.8 AB (2.6) 16.2 (2.71) 0.009 (0.0018) 5.90 A (0.65)
Urea Coculture 7.5 10.2 B (0.2) 19.1 (0.15) 0.027 A (0.0064) 5.00 A (0.10)

Urea (MES buffer) Coculture 6.2 1.18 (0.17) 28.2 (0.35) 0.0172 A (0.0005) 6.2
Ammonia 1 urea

(MES buffer)
Coculture 6.2 22.3 (0.89) 33.9 (0.32) 0.0195 A (0.0008) 6.2

a Final product concentrations, specific product formation rates, and final pH values during growth of Nitrosopira sp. strain NPAV in monoculture or in coculture
with an acidophilic nitrite oxidizer, Nitrobacter sp. strain NHB1, during batch growth in buffered or unbuffered media at a range of initial pH values. Values with
identical letters beside them did not vary significant (P . 0.05) with pH within a particular treatment. Values in parentheses are standard errors.

b NA, not available.
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was not significantly different from that at lower initial pH
values (Table 1).

Despite variation in pH during growth, nitrite concentration
increased exponentially over significant periods during growth
on urea, enabling calculation of specific rates of nitrite pro-
duction at different initial pH values (Table 1). Under these
conditions, the specific rate of nitrite production is equivalent
to specific growth rate during exponential growth (27). Specific
rates of nitrite production from urea showed little variation
with initial pH values in the range 4 to 6, reflecting the fact that
most nitrite production occurred when the pH was approxi-
mately 5.5 in these cultures. The rate increased in cultures with
an initial pH of 7, but the lowest value was obtained for cul-
tures at pH 7.5, reflecting the low rate of ammonium reduction
referred to above. At pH values greater than or equal to 7, the
nitrite oxidation rate reflects both rates of urea hydrolysis and
oxidation of extracellular ammonium. At all initial pH values
studied, final nitrite concentrations were greater than those in
cultures grown on ammonium. Growth in the presence of Ni-
trobacter sp. strain NHB1 did not significantly affect product
formation (Table 1), suggesting a lack of nitrite inhibition.

Growth on urea and ammonium at constant pH. Growth on
Nitrosospira sp. strain NPAV in coculture with Nitrobacter sp.
strain NHB1 was studied in a pH-controlled fermentor at pH
values of 5, 7, and 8, with urea as the substrate, and at 5, 6, 7,
and 7.5, with ammonium as the substrate. At pH 5, changes in

urea, ammonium, and nitrite concentrations were similar to
those in unbuffered medium (Fig. 3). Urea hydrolysis was com-
pleted within 150 h and was accompained by oxidation of
ammonium, which ceased when urea was fully converted. A lag
in the growth of Nitrobacter led to an accumulation of nitrite,
which was subsequently oxidized completely to nitrate. At pH
7, growth on urea was followed by growth on ammonium (Fig.
3b). No growth occurred on urea at pH 8 during incubation for
450 h, but urea hydrolysis and ammonia oxidation commenced
immediately when the pH control was switched off and the pH
was slightly reduced. With ammonium as a substrate, nitrite
was produced exponentially at pH 7 and 7.5, but no growth
occurred at pH 6 or lower.

Growth was assessed in buffered medium at pH 6.2 on urea
(Fig. 4a) and medium containing urea and ammonium (Fig.
4b). In both cases, growth continued on ammonium after the
urea had been utilized but was eventually inhibited, presum-
ably by the low pH. Growth in this medium on ammonium
alone was not possible. Thus, cells actively growing on urea
could oxidize free ammonium after complete urea hydrolysis at
a pH that was inhibitory for growth on ammonium. While final
nitrite concentrations were significantly different, specific ni-
trite production rates were not significantly different in the
presence of urea and ammonium during exponential product
formation (Table 1).

FIG. 2. Changes in urea, ammonium, and nitrite concentrations and pH during growth of Nitrosospira sp. strain NPAV in liquid batch culture
on poorly buffered medium containing urea, at initial pH values of 4 (a), 5 (b), 7 (c), and 7.5 (d).
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DISCUSSION

This study provides a further demonstration of the inability
of pure cultures of ammonia-oxidizing bacteria to grow on
ammonium at low pH in liquid batch culture. Growth of Ni-
trosospira sp. strain NPAV was possible at pH 7 but not at pH
6.2 or lower. The most likely mechanism for inhibition of
growth is ionization of NH3 to NH4

1 at low pH and either the
lack of an active ammonium transport system or insufficient
energy for active transport. An alternative explanation is inhi-
bition by nitrite, but the pH minimum for growth was not
altered in this study by coculture with the acidophilic nitrite
oxidizer, Nitrobacter sp. strain NHB1, which removed nitrite at
all pH values tested. Although ammonia oxidation was even-
tually inhibited by acidification of the medium, the final pH
was lower than the pH minimum for batch growth, suggesting
that actively growing cells may be capable of ammonia oxida-
tion at lower pH values than stationary-phase cells. Further
evidence for this came from growth in buffered medium at pH
6.2, in which nitrite production continued for some time after
complete urea hydrolysis. In this case, nitrite formation was
not exponential without urea, and growth was dependent on
the presence of urea, as nitrite was not produced with ammo-
nium as the sole, nitrogen source. In unbuffered medium there
was no ammonium-dependent growth below pH 7. The ability

of actively growing cells to grow at pH values lower than
stationary-phase cells has also been observed for Nitrobacter in
nitrite-limited continuous culture (18) and may be of signifi-
cance in natural environments in which the activity of ammonia
oxidizers is maintained by low but continuous rates of substrate
supply. The ability of this strain to hydrolyze urea did, how-
ever, enable significant growth at pH values as low as 4 both in
the presence and absence of Nitrobacter sp. strain NHB1.

The changes in urea, ammonia, and nitrite concentrations
during growth at low pH suggest a mechanism for urea-linked
ammonia oxidation. Urea hydrolysis led to the simultaneous
appearance of ammonia and nitrite in the growth medium.
Ammonia concentration increased at a greater initial rate than
nitrite concentration, but increases in both were exponential
and are therefore likely to be linked to growth. Urea hydrolysis
and nitrite formation were tightly linked. In unbuffered me-
dium at pH values of 6 and below, nitrite production ceased
when urea hydrolysis was completed, even though there was
sufficient ammonia present in the medium for growth. This
suggests the following mechanism for acidophilic growth on
urea. The preferred form for uptake of ammonium is NH3,
which can diffuse passively across the cell membrane. As pH
decreases, NH3 ionizes to form NH4

1, which requires active
transport. There is limited evidence for active transport of
NH4

1 by ammonia oxidizers (12), but even if it were possible,

FIG. 3. Changes in urea, ammonium, nitrite, and nitrate concen-
trations during growth of Nitrosospira sp. strain NPAV and Nitrobacter
sp. strain NHB1 in liquid batch culture on urea in a pH-controlled
fermentor at pH values of 5 (a) and 7 (b).

FIG. 4. Changes in urea, ammonium, and nitrite concentrations
during growth of Nitrosospira sp. strain NPAV in liquid batch culture
on buffered medium at pH 6.2 containing urea (a) or urea and am-
monium (b).
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active transport would require energy which the cell may not
be able to supply at a low pH. Evidence of urea transport in
other microorganisms suggests uptake by simple diffusion (24).
Urea can therefore be taken up by cells at a low pH, through
diffusion, and is then hydrolyzed intracellularly to ammonia. A
proportion of this ammonia diffuses into the medium, but some
remains in the cell and is oxidized to nitrite, which then also
diffuses into the medium. The ammonia released into the me-
dium ionizes and is no longer available for uptake and oxida-
tion by the cell and accumulates. Growth and nitrite produc-
tion therefore cease when urea hydrolysis is completed.

A further influence of urea hydrolysis is in increasing pH
through release of ammonia. In our liquid culture experiments,
the ammonia produced was not sufficient to raise the pH above
7, even when the initial pH of the medium was 6. This was, in
part, due to acidification of the medium by nitrous acid pro-
duced during ammonia oxidation. In contrast, cultures at initial
pH values of 7 and 7.5 showed increases in pH value, which
could be attributed to urea hydrolysis. Alkanization by release
of ammonia may contribute to ammonia oxidation in acid soils
and may provide microenvironments favorable for nitrification
(29). The difficulties in growing Nitrosospira on urea at a pH
above 7.5 in buffered or pH-controlled media suggested that
urea may be inhibitory to growth under these conditions. Rates
of urea hydrolysis were similar at initial pH values of 4.5, and
6 and were similar to those of ammonia oxidation, suggesting
that urea hydrolysis in these situations may not limit ammonia
oxidation.

This study therefore demonstrates the ability of ureolytic
autotrophic ammonia oxidizers to contribute to nitrification at
pH values as low as 4 when supplied with urea, without the
requirement for surface growth or microenvironments of
higher pH. This may be of importance for nitrogen cycling in
acid soils in which urea is produced, although there is strong
competition from other ureolytic microorganisms for urea.
The study also demonstrates that urea-linked ammonia oxida-
tion at acid pH values results in diffusion of non-oxidized
ammonia from the cell which cannot be utilized further by
autotrophic ammonia oxidizers and which may provide a sup-
ply of ammonium to other soil organisms.
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